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INTRODUCTION
The analysis of component fatigue lifetime for a wind energy conversion system (WECS) requires that the component load spectrum be formulated in terms of stress cycles. Typically, these stress cycles are obtained from time series data using a cycle identification scheme such as the "rainflow" counting algorithm. As discussed by many authors [e.g., see Ref. 31, the matrix or matrices of cycle counts that describe the stresses on a turbine are constructed from relatively short, representative samples of time series data. The ability to correctly represent the long-term behavior of the distribution of stress cycles from these representative samples is critical to the analysis of service lifetimes.
Several techniques are currently used to convert representative samples to the lifetime cyclic loads on the turbine, Many designers simply scale the sample loads with time. They note that these limited time measurements or simulations define the main body of the distribution, and assume that they capture all of the necessary loads on the turbine to define its service lifetime. Other designers note that the infrequent occurrences of highstress events contained in the "tail of the distribution" are affected by the specific data set, and that the distribution tails fill in as more and more data are added to the record. They note that the existence of a "high stress tail" on the distribution has significant influence on the predicted service lifetime of the turbine, and they believe that it must be well defined for an accurate fatigue analysis of a wind turbine. The latter group of designers typically extrapolate from the body of the cycle count distribution into this tail region. 
GENERALIZED FITTING ALGORITHM
Typically, the tails of distributions that are found in nature are difficult to infer fiom the bodies of the distributions, because the tails are often found to differ even when the bodies are similar. The differences are due to behavioral changes that occur when the most severe environments are encountered (e.g., due to nonlinearities, or the initiation of a 
IMPLEMENTATION
The LIFE2 computer code is a fatigue/fracture analysis code specifically designed for the analysis of wind turbine components [8, 9, and IO]. It is a PC-compatible FORTRAN code that is written in a top-down modular format with a user friendly, interactive interface. In this numerical formulation, an "S-n" fatigue analysis is used to describe the initiation, growth and coalescence of micro-cracks into macro-cracks. A linear, "dddn" fracture analysis is used to describe the growth of a macro-crack.
'The i" moment of a distribution equals the average value of the difference between each value and the mean value of the distribution raised to the im power.
In the LIFE2 formulation, the cyclic stresses imposed on the turbine component are characterized by a series of cycle count matrices. Each matrix describes the stress cycles imposed upon the turbine during one phase of its operation. In general, the cycle count matrices are a two-dimensional matrix of cycle counts. Within each matrix, each stress cycle is characterized by its mean and by its alternating component (either range or amplitude). The cycle count matrices are divided into three groups by the LIFE2 code. The first set describes the stresses on the turbine during normal operation, the second describes transient events (as starting and stopping the turbine), and the third describes wind loads on the turbine when the turbine is not in operation. The fitting algorithm may be used to fit any of the cycle count matrices used by the code to compute service lifetimes. This distribution is assumed to have a constant mean stress equal to average mean stress of the original distribution. Thus, the resulting one-dimension vector (matrix) characterizes each stress cycle only by its alternating component.
Appendix A provides a detailed description of the "Example Session" that was used to curve fit the edgewise data analyzed in this section of the paper.
Typical Data
To facilitate this discussion, cycle count matrices from the NPS 100-kW horizontal axis wind turbine will be used in this description of the LIFE2 algorithms. This data set was collected under the 
Preprocessing Algorithms
For the purposes of this discussion, we will assume that the cycle count matrices have been generated previously. These matrices may come from any source, e.g. rainflow counted time series data or frequency synthesized data, as long as they are in the standard LIFE2 file format for the cycle count matrices [9].
The fitting process starts in the LIFE2 code by leading the analyst through a series of menus to chose the cycle count matrix to be analyzed (see Appendix A). Once the matrix has been chosen, the analyst may display a graph of the alternating stress components from that matrix to aid in the selection of the processing parameters.
For this example, we will use the edgewise and the flapwise data described above.
Parent Distribution: Once the matrix for analysis is chosen, the analyst is asked to choose the parent distribution for the fitting process. One of three choices for the parent distribution is permitted: Gaussian, Weibull or Gumbel. As noted above, a Weibull parent distribution will be used exclusively in the examples presented here.
Lower Bound: The analyst is then asked to choose a lower bound for the fit. The lower bound for the curve fit may be chosen anywhere in the distribution. For a typical single mode distribution of stress cycles, see the flapwise data shown in Figures 3, 5 and 7 ; the lower bound is typically chosen to avoid the large number of cycle counts at the relatively low stress levels. Sensitivity studies conducted by the authors indicate that the lower bound chosen for this case does not significantly change the fit. For these data, a lower bound of 3 MPa was chosen by the authors. The curve fit to these data is shown in When the distribution of stress cycles is bi-modal, as shown in Figure 4 , the lower bound becomes very important. The algorithm used here will fit only a single mode of the distribution. In this case, the lower bound should be chosen at or above 8 MPa. The consequences of choosing a smaller lower bound are shown in Figures 10 and 11 , where the curve fitting algorithm has tried to fit both modes, and does not fit either one very well. Also shown in the figure is the curve fit to the data above 8 MPa.
Truncation: As noted in Sutherland and Butterfield [3], designers use various techniques to extrapolate the high stress tail of the cycle count distribution. While some designers use the entire extrapolated distribution of load cycles, others question the magnitude of the loads predicted by extrapolation techniques. They feel that the extraordinarily high loads predicted by these techniques have no basis in fact. As this debate began relatively recently, its outcome remains in question. To allow for either viewpoint, the analyst is asked to input a value above which this extrapolation is truncated (this truncation factor as a multiple of the RMS of the distribution being fit). By choosing a large value, the distribution will be truncated at a level where the damage is negligible. The analyst may choose to truncate the distribution at any other level considered prudent. The damage density plots available in the LIFE2 code may be used to determine the importance of the truncation [8, 91. 
The Fitting Algorithm
Based on the parameters supplied above, the generalized fitting technique is applied to the data in the chosen cycle count matrix. To incorporate this algorithm into the LIFE2 code required that the original numerical algorithm developed by Winterstein and Lange [ 1 J be modified to accept binsed data.
The original input to the Winterstein and Lange algorithms requires that each stress cycle be characterized by its magnitude (range or amplitude). As the data in the cycle count matrices have been "binsed," the exact magnitude of each cycle is not retained; rather, its magnitude has been bounded within the range of its bin. For the LIFE2 analysis, the magnitude of each stress cycle is assumed to be at the average (the midd€e) of its respective bin. Each cycle in each bin is input into the Winterstein and Lange algorithms.
These algorithms return the CDF for the fitted distribution. This CDF must be processed before it can be used in the LIFE2 analysis.
Post-P rocessing Algorithms
The final algorithms in the fitting routine for the LIFE2 code replace the original distribution of cycle counts with the fitted distribution.
Low Stress Cycles: In the technique used here, all stress cycles below the lower bound that have been input by the operator (see above), are left unchanged by the fitting process.
As shown graphically in the comparison of Figures 2, 3, 12 and 13 both the mean stress values and the alternating stress value are maintained. Typically these cycles are not important in the fatigue calculation. We have chosen to leave them in the matrix to ensure that their damage contribution is not overlooked by the analysis. Keeping them does not significantly increase computation times, although it does slightly decrease the resolution in the tail of the distribution. Total Number of Cycles: The CDF returned by the fitting algorithms is a normalized fit that must be converted to actual cycle counts before it can be used by the LIFE2 code. For this conversion, the LIFE2 code automatically determines the total number of stress cycles above the "lower bound" before the fitting procedure is initiated. This total number of stress cycles, Ncycle, is assumed to remain unchanged by the fitting process. Thus, we have assumed that total number of cycles before and dter thejt remains constant.
Binsed Data: As noted above, the LIFE2 code uses binsed data in its analysis procedure. To convert the CDF and Nwle to binsed cycle counts, the LIFE2 code automatically sets up a uniform series of bins based on the lower bound input parameter and the truncation parameter. If the i* bin has a upper bound stress of (au)i , and a lower bound of ( o~)~ , which is equal to (o& , then the number of cycle counts ni equals:
Mean Stress Level: As the fitting technique does not maintain the distribution of stress cycles with mean stress, the algorithm computes the average mean stress of all of the cycles above the lower bound. All cycle counts contained in the curve fit are taken to be at this average mean stress value, see Figures 12 and 13.
Summary: intervention from the analyst.
The post-processing algorithms are executed by the code without Once completed, the analyst may then plot the new distribution of cycle counts, see Appendix B, process another matrix with the fitting technique, or continue other operations with the code.
Anothef-Exam ple
The Sandia 34-meter diameter, Darrieus vertical axis wind turbine (VAWT), see Fig. 14 Sutherland and Veers [7] analyzed data records from the upper root of this turbine to predict the service lifetime. In their analysis, the operational stress states were determined using both time series data and frequency synthesized data. The frequency synthesis analyses are used here to evaluate the generalized fitting technique's ability to extrapolate the tail of a typical wind turbine cycle count distribution.
As noted by Sutherland and Veers [7] , the frequency domain analysis permits the synthesis of very long time series data to fill the population of the stress distribution in the highstress region; thus, the technique simulates the effect of having longer data samples. The histogram shown in Figures 17 and 18 compares the cycle counts from approximately 700 seconds of time data to the cycle counts obtained from over 2,700,000 seconds of synthesized time series data and the generalized Weibull fit to the 700 seconds of data. As shown in Figure 18 , the curve fit to the 700 seconds of data diverges from the frequency synthesized data in the tail of the distribution, i.e., above a range of approximately 50. As the 700-second data block contains only a single count in this high range, the curve fit has extrapolated the body of the distribution beyond statistically significant data. The comparison to the 2,700,000 seconds of synthesized data indicates that the extrapolation contains too few cycle counts in the tail of the distribution. As noted by several authors [l, 3 and 71, the poor quality of the extrapolation is probably a result of the relatively short length of the rainflow-counted data block (Le., the data does not contain a sufficient number of stress cycles in the tail of the distribution to be statistically significant). Thus, the extrapolation is consistent with the information contained in the short data block and should not be expected to be a replacement for more data. To determine if the fitting routine would do better if additional data were available, the code was used to fit a 10,200 second data block that was obtained using frequency synthesis techniques.
The comparison, shown in Figure 19 , illustrates that the extrapolation from 10,200 seconds in significantly more consistent with the 2,700,000 seconds of data then it is with the extrapolation fiom 700 seconds of data. 
CONCLUDING REMARKS
As demonstrated in the examples cited above and in Winterstein and Lange [l], the generalized Weibull technique can fit a variety of distributions of fatigue stress cycles for wind turbines. These fits are very good in the body of the distribution, where ample data is available, and permit an extrapolation to the tail of the distribution, where ample data are not available.
The generalized Weibull technique is an important tool in the fatigue analysis of wind turbines. This technique, with its pre-and post-processing algorithms, is now incorporated into the LIFE2 fatigue analysis code for wind turbines. 
APPENDIX A EXAMPLE SESSION WITH TYPICAL RESULTS
This volume is the sixth in a series of ReferencelUser's Manuals for the LIFE2 code. The other 5 volumes are listed as References 9, 10, 12, 13 and 14. This section of the paper assumes that the reader has the other volumes available for reference.
Documenting Units
The LIFE2 code is unit insensitive. The user must assure that compatible units are used throughout the calculation. The code will ask for the units being used in the calculation so that they may be documented in the data files. As this module uses the rainflow algorithm already contained in the LIFE2 code, the output of the computational module will produce rainflow counts based on either the RANGE (peak-to-peak) or the AMPLITUDE (half range) of the stress cycle.
Operator Inputs
The following is an example session using the curve fitting algorithms that have been incorporated into the LIFE2 code. The data and fits for Northern Power edgewise data, cited above, will be used in this example.
In the example, LIFE2 code prompts are written in bold letters. The operator's responses to the prompts are written in italics.
Access
Starting at the Main Menu, the curve fitting routine is accessed via the Stress State Module. The current version of the LIFE2 code is 3.07. 
LIFE2 --
>>> Operational Stresses Menu ccc
This option allows the operator to input the operational stresses for a wind turbine. I s the data to be fitted in the current ops.cal file?
Y
All "yes or no" answers may be answered by a simple y, Y, n or N. If the operator answer no to this query, the operator has another chance to change the current operational stresses calculational module.
The code then provides information about the data contained in the current operational stresses calculational module.
The total number of intervals: 1 1) Operational Stresses; # Records = 1; Range 9.00 to 11.00
Options:
F -Page Forward B -Page Backward C -Curve Fit Interval E -Exit
Enter the desired 0ption.x
What is the interval number to be fitted? I
In this case, the file contains one operational stress matrix. The header for this matrix indicates that they were obtained from 1 set of time series data (by rainflow counting) that was obtained under normal conditions with an average inflow speed of 9 to 11 d s . These data are shown graphically in Fig. 2 .
If the file contained more than 10 data sets, the "F and B options could be used to examine the headers for all the data sets contained in the file. The " E option takes the operator back to the previous menu. The "C" and the "1" options indicate that the operator wishes to curve fit interval 1.
When asked to fit ajset of data, the code returns information concerning the data and asks for the lower limit of the curve fit. In this case, the alternating stress component of the fatigue cycles (amplitude or range) covers a range of 0.5 to 20.5 MPa, see Fig. 4 . As noted above (see the section entitled "Lower Bound" on page 7) , when a bi-modal distribution is being fit, the lower bound should be chosen to be near the beginning of the second mode, Le., at approximately 8 MPa for this distribution.
The range covered is Enter lower limit 8 .50000 to 20.50000 MPa
The code then displays the RMS of the distribution, 1.17 MPa in this example. The operator then chooses the level to which the curve fit will be truncated (see the section entitled "Truncation" on page 8) . In this case, the fit is truncated by the operator at 15 times the R M S or approximately 17.7 MPa above the chosen lower bound of 8 MPa.
Thus, the fit is truncated at a maximum of 23.7 MPa (8 MPa + 17.7 m a ) .
The current RMS value is
The curve fit will be truncated at 10.00 times the RMS value. The operator then chooses the error tolerance to which the curve will be fit. In this case, a 1% value is chosen.
Enter error tolerance:
.01
For the case cited above, the curve fitting algorithm was able to fit the data with an error tolerance of lpercent. Ifthe code had not been able obtain the desired error tolerance, it prints a message to the effect:
. The code performs the curve fit to the selected interval, saves the fit in the operational stresses calculational file, updates the header for the interval that was fit, and returns the operator to the interval description menu. If other intervals are to be fit, the operator may proceed as described above. In this case, we have curve fit the single stress cycle matrix contained in the ops.cal file. With the " E option, we conclude the curve fitting process for this file. Note that the header for this set of data has been modified with a "CF" designation to indicate to the operator that it has been curve fit.
The notes at the end of the operational stresses calculational file are then displayed and the operator may change them. In this case we will add one note. Enter the number of additional notes.
1
Enter note 1; no longer than 72 characters. Enter the number of the desired option.>5
We wish to plot the current calculational stresses data contained in the ops.cal file.
24
The total number of intervals: I If the stress plotting parameter have not been set previously, the operator will be asked a set of questions to determine these parameters. If they have been set previously, the parameters are retained by the code and used for the current plot. The code first queries the operator about the type of plot desired. The computer completes the calculations required to make the plot and notifies the operator it is ready to complete the plot. When the operator depresses the "enter" button, the plot is produced, see Fig. 20 .
The operator is then given the option to print a hard copy of the plot and to create a "cgm" formatted file of the plot. 
